ABSTRACT. Evodiamine is the main active alkali of Wu Zhuyu, a widely distributed Chinese herb. It plays an important role in the regulation of body fat deposition. In this study, we aimed to investigate the effect of evodiamine administration on the expression of genes involved in lipid metabolism in the liver and adipose tissue. Fasted mice were subcutaneously injected with evodiamine (37°C, 20 mg/kg), and the core body temperature change and expression levels of lipid metabolismrelated genes were evaluated at baseline, 0.5, 1, and 2 h. We detected the mRNA expression of fatty acid synthesis enzyme (FAS), peroxisome proliferator-activated receptor gamma (PPAR-γ), sterol regulatory element binding protein 1c (SREBP-1c), triglyceride hydrolase (TGH), and hormone-sensitive lipase (HSL) by real-time PCR and analyzed their correlation with core body temperature. Our results showed that the core body temperature was reduced greater than 1°C with evodiamine treatment at 1 and 2 h (P < 0.01). In mouse livers, SREBP-1c, HSL, and TGH mRNA expression was significantly increased, and they reached the highest levels 1 h after injection (P < 0.01). However, PPAR-γ mRNA expression was decreased and reached a significant level at 0.5 h (P < 0.01) and FAS mRNA expression was not significantly different; FAS and SREBP-1c mRNA expression were reduced and reached significant levels at 1 h (P < 0.01). Of note, other genes demonstrated opposite changes in adipose tissue, and HSL mRNA expression was significantly reduced at 0.5 h (P < 0.01). The decreasing core temperature had a significant negative correlation with the expression of TGH, HSL, FAS, and SREBP1c mRNA in the liver (P < 0.01), but had significant positive correlation with levels of FAS and SREBP-1c mRNA in adipose tissue (P < 0.01). In light of these results, the main mechanism of the regulation of body fat deposition by evodiamine is raising energy consumption through reducing body temperature and promoting fat decomposition.
INTRODUCTION
Obesity has become a worldwide personal and social health problem. Obesity can lead to abnormal metabolism of glucose and lipids in the human body, and cause diseases such as hypertension, type II diabetes and fatty liver. Recent studies also demonstrated that obesity could increase the risk of different types of cancer (Olsen et al., 2007; Mistry et al., 2007) . Therefore, it is essential to discover new and effective treatment strategies to control this disease. In this respect, traditional Chinese medicine (TCM) holds the promise of developing new anti-obesity drugs, which might have fewer side effects than most of the therapeutic compounds currently being used in western countries. Among them, evodiamine is the main active alkali of the TCM plant Evodia rutaecarpa (Juss). It is well known for its anti-tumor, anti-inflammatory, and weight reduction effects. Moreover, it has been used for treatment of abdominal pain, diarrhea, and nausea and for producing many other pharmacological effects (Ogasawara et al., 2002; Shyu et al., 2006; Ko et al., 2007) . More importantly, it is a natural compound and can be subject to a broad range of modifications and developments.
Previous studies have shown that evodiamine could induce the rate of lipolysis in mice and enhance the specific binding of guanosine diphosphate to mitochondria in interscapular brown adipose tissue, where it increased heat dissipation and promoted energy consumption. In addition, it also reduced perirenal, epididymal, and hepatic fat deposition, subsequently cut down the levels of free fatty acids, triglyceride (TG) and cholesterol in humans. All these effects were critical for preventing the accumulation of internal organ fat and controlling weight gain (Kobayashi et al., 2001 ). However, little is known regarding the mechanism by which evodiamine regulates the expression of genes involved in lipid metabolism pathways. Therefore, the purpose of the present study was to address the molecular mechanism mediated by evodiamine in controlling fat deposition.
MATERIAL AND METHODS

Animal maintenance and treatment
Male mice (20 ± 2 g) were purchased from the Laboratory Animal Center of Fourth Military Medical University, and they were maintained in cages at 22° ± 2°C with a 12-h lightdark cycle. Each mouse was fed with a standard diet and allowed to drink water ad libitum. Evodiamine (purity >98%, Guanyu Biotechnology Inc., Xi'an, China) was dissolved in dimethyl sulfoxide (DMSO) according to manufacturer instructions. Forty-eight mice were randomly divided into 2 groups. After fasting for 12 h, 1 group of animals received subcutaneous injections of evodiamine (20 mg/kg), whereas the other group received the same volume of DMSO solvent (vehicle) as a control. The injection mixture was pre-warmed to 37°C before use.
RNA extraction and cDNA synthesis
Total RNA was extracted from livers and adipose tissue using the Trizol reagent by standard techniques. The integrity of the RNA was checked on 2% agarose gels, and the total RNA concentrations were quantified by a spectrophotometer (Thermo, Waltham, MA, USA). Two micrograms total RNA was reverse-transcribed to synthesize cDNA using the PrimeScript RT-reagent Kit for real-time PCR (RT-PCR) after treatment with Dnase I to remove contaminating genomic DNA by the TRIpure Reagent Kit (Baitaike, Beijing, China) and diluted with diethylpyrocarbonate-treated water. The quality of the RNA samples was analyzed by electrophoresis on a 1% agarose gel. The first strands of cDNA were prepared with RevertAid 
RT-PCR
Primers for fatty acid synthesis enzyme (FAS), peroxisome proliferator-activated receptor gamma (PPAR-γ), sterol regulatory element binding protein 1c (SREBP-1c), triglyceride hydrolase (TGH), and hormone-sensitive lipase (HSL) were designed by the Premier 5.0 software. Primer sequences and amplification conditions are given in Table 1 
Statistical analysis
Statistical analysis was performed using the SPSS 13.0 program (SPSS, IBM Corporation, Endicott, NY, USA). One-way analysis of variance and the Fisher least significant difference test were applied to determine the significance of differences, and the Pearson correlation method was used in SPSS for correlation studies. Data are reported as means ± SE.
RESULTS
Effect of evodiamine on core body temperature
We first investigated the effect of evodiamine on core body temperature in mice. Mice were fasted for 12 h, and then they were subcutaneously administered evodiamine (20 mg/ kg) or DMSO only (vehicle) as a control. Core body temperature was measured at baseline, 0.5, 1 and 2 h after injection. Figure 1 shows the average core body temperature of mice after treatment with or without evodiamine. The core body temperature remained constant in the control group, whereas it dropped significantly in evodiamine-treated animals. The maximal difference was observed at 1 h, when the core body temperature was approximately 1.5°C lower in evodiamine-treated animals than that of controls. This difference remained statistically significant (P < 0.01) up to 2 h. Since core body temperature is often associated with energy consumption in animals, the next step in our study was to detect the effect of evodiamine on the expression of various genes involved in lipid metabolism pathways. 
Effects of evodiamine on lipid metabolism
The effect of evodiamine on FAS mRNA expression FAS expression is one of the limiting factors for fat deposition. Our results showed that evodiamine slightly enhanced the expression of FAS in mouse livers ( Figure 2A ); in contrast, it was drastically reduced in adipose tissue and reached significant suppression at 1 h after subcutaneous injection (P < 0.01; Figure 2B ). This result indicated that evodiamine could prevent visceral fat accumulation and weight gain, which might be related to the decreasing levels of FAS mRNA measured in the adipose tissue.
Effect of evodiamine on PPAR-γ and SREBP-1c mRNA expression
We investigated the effect of evodiamine on the expression of PPAR-γ and SREBP-1c. The expression of PPAR-γ mRNA in liver tissue was decreased after evodiamine treatment; it was significantly lower in the treated group than in the control group at 0.5 h (P < 0.01), and rebounded at 2 h, with no significant difference between the groups ( Figure 3A) . While PPAR-γ mRNA expression was increased in adipose tissue and reached a significant level at 1 h (P < 0.01), it was still significantly higher at 2 h in the treatment group (P < 0.01) with little observed decline ( Figure 3B ). In mouse livers, evodiamine had no effect on SREBP-1c expression at 0.5 h, but subsequently increased its level at 1 and 2 h ( Figure 3C ). In contrast, evodiamine reduced SREBP-1c expression immediately following treatment in adipose tissue at 0.5 h, and further decreases were observed, with the lowest level at 1 h ( Figure 3D ). SREBP1c expression had a slight increase at 2 h, although the difference between evodiamine-treated and non-treated animals remained statistically significant (P < 0.01). 
Effect of evodiamine on the mRNA expression of lipolytic enzymes
Given the results described above, we were interested in the effect of evodiamine on expression of genes involved in lipolysis. Our data showed that evodiamine had little effect on TGH expression at 0.5 h, but markedly increased TGH levels were observed at 1 h in both mouse livers and adipose tissue ( Figure 4A and B) . TGH expression was further increased in livers at 2 h ( Figure 4A ), although these levels returned to baseline in mouse adipose tissue ( Figure 4B ). Compared to TGH expression, similar effects of evodiamine on the expression of HSL were observed in mouse livers and adipose tissue ( Figure 4C and D) . The response of HSL expression to evodiamine treatment was rapid in adipose tissue, where it reached the maximal level at 0.5 h and then gradually descended, although the difference in expression was significantly different between the groups ( Figure 4D ). Taken together, evodiamine increased the levels of TGH and HSL in both tissues, which suggested that evodiamine might exhibit a stronger and more direct effect on lipid metabolism. . PCR products were revealed by agarose gel electrophoresis. Data are reported as means ± standard error for 6 mice. **Refers to significant difference at the level of P < 0.01.
Correlation analysis of core body temperature and gene expression patterns
To illustrate the overall effect of evodiamine on lipid metabolism, we performed a correlation analysis between core body temperature and expression of genes examined in the present study, which is summarized in Table 2 . This analysis revealed that decreased core body temperature was negatively correlated with the expression of FAS and SREBP-1c mRNA in the liver (P < 0.01), while the opposite occurred in adipose tissue (P < 0.01). With regard to PPAR-γ, a somewhat positive correlation was found in mouse liver, but it was not statistically significant (P > 0.05); however, a strong negative correlation was found in adipose tissue. Interestingly, reduced core body temperature was negatively correlated with TGH and HSL expression (P < 0.01) in both mouse livers and adipose tissue. 
DISCUSSION
Obesity is characterized by excessive body fat and is closely related to lipid metabolic disorders, in which the two reflect mutual causality. The lipid metabolic disorders could be caused by surfeit, resulting in increased fat synthesis and reduced brown fat content. In the present study, energy consumption was decreased and lipid-decreasing hormone expression was down-regulated, which induced fat synthesis and reduced its degradation. The theory of holistic medicine applied to a slimming diet through Chinese medicine meets 3 principles, which include weight loss without intense physical exercise, reduced appetite without anorexia and the absence of diarrhea (Feingold et al., 2008) . Then, determining approaches for integrating TCM theories into modern biomedical technology has become an urgent need to be addressed.
In fat tissue, glucose and other nutrients are converted into fatty acids by the FASregulated pathway (Richards et al., 2003) . Therefore, overexpression of FAS would increase TG deposition in the body, which might cause obesity (Richards et al., 2003; Matsubara et al., 2005) . Our results showed that expression of FAS was rapidly decreased upon evodiamine treatment in adipose tissue but not in the liver, indicating that this might be the main molecular mechanism by which evodiamine mediates its effects on weight loss. SREBP-1c is an important transcription factor that regulates the expression of FAS protein and lipoprotein lipase for fat synthesis (Kim and Spiegelman, 1996; Shimano et al., 1999) . Therefore, we found that SREBP-1c expression in adipose tissue was rapidly reduced by evodiamine, while in the liver, for unknown reasons, SREBP-1c expression was increased. PPAR-γ plays multiple roles in glucose and lipid metabolism, atherosclerosis and inflammatory responses (Tontonoz et al., 1995; Li et al., 2000; Fernyhough et al., 2007; Széles et al., 2007; Rampino et al., 2007) . It is involved in regulation of lipid metabolism-related genes, which promote the differentiation of adipocytes that secrete several protein factor genes, such as lipoprotein lipase, fatty acid binding protein, acetyl CoA synthetase, and glucose transporter 4. PPAR-γ is a ligand-activating transcription factor, and upon activation it binds to retinoic acid X receptor to form a heterodimer, which acts on DNA response elements to regulate the gene expression of certain genes (Fajas et al., 1998; Yamauchi and Kadowaki, 2001 activation, which can be classified as synthetic and natural ligands; both types of ligands physically interact with the PPAR-γ protein to participate in the process of fat synthesis. Due to these findings, PPAR-γ had become a major molecular target for drugs used for treating obesity and diabetes. Other evidence had shown that Chinese medicine components, including the single-flavor drug, active ingredients and compound preparation, used for the treatment of obesity had effects on the expression of PPAR-γ (Huang et al., 2006) . Therefore, it was somewhat surprising that we found that evodiamine increased PPAR-γ expression in adipose tissue ( Figure 3A) , while it decreased PPAR-γ levels in the liver ( Figure 3B ). The reason for this finding might be 2-fold. First, evodiamine could induce PPAR-γ expression; second, the increase of PPAR-γ could have been a secondary effect due to the accumulation of free fatty acids and lipid metabolites in evodiamine-treated animals. Nevertheless, the changes of PPAR-γ and SREBP-1c expression upon evodiamine treatment in adipose tissue and the liver were fairly rapid, indicating that they might be key players in fat synthesis and are very sensitive to the presence of evodiamine. The opposite effect of evodiamine on these 2 genes in adipose tissue and the liver might be due to a complex regulatory mechanism and differential biological effects of genes. Of note, the liver is the major site for energy consumption, whereas adipose tissue has the purpose of saving energy in mammals. HSL and TGH are major intracellular hydrolysis enzymes in adipose tissue, which can catalyze TG to hydrolysis and produce free fatty acids, thus acting as an important energy source in vivo (Holm et al., 1988; Soni et al., 2004) . The mRNA expression of HSL and TGH in the liver and adipose tissue was significantly increased after the treatment of evodiamine, and this effect was long lasting (data not shown). These findings suggested that TGH and HSL might be the direct targets of evodiamine and that the regulation of lipid metabolism by evodiamine could increase the expression of lipase mRNA.
Metabolic activities are accompanied by the release, metastasis and utilization of energy. In energy flow, 2 processes with opposite purposes are involved: catabolism is used to release energy, while anabolism is needed to the store energy. The latter is also called an "energy-absorbing reaction". In the present study, we found that evodiamine had a significant impact on the core body temperature of mice, consistent with the results of Kobayashi et al. (2001) . Surprisingly, the decrease of body temperature by evodiamine exposure was associated with the increase of TGH and HSL mRNA expression in both the liver and adipose tissues. In contrast, the increase in the FAS and SREBP-1c mRNA expression was only averted in the liver. Taken together, we concluded that the molecular mechanism by which evodiamine regulated body fat deposition was to reduce body temperature by simultaneously raising energy consumption and promoting fat decomposition.
